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Abstract

?’]Li,$  ])(1.])(!1’  (m71/,i7/c,$  ih(! (wbrIcli07/ of gCOIII cLIic

])rlllliliw!s fl’olll iv){)- (LI1(]  I}M cc-  di7/tc71s 2074(4/ i’lll(l{gc

(!(1 / (1 y ‘}L(: ~/coII/cbi(: ]wilILii.ivCS 01’(!  I’(!])I”(’.5(!ILIC(1  /)?/

p(IIr171LcLIic  IIL(LIIij(JldS  in the i7//f]~gc s] I(/cc,  svc/L (I$ ci?’-

CICS,  IIl(II1cs, (Ivt(l c7JiT1dc7s. A I L  c:qdicit  CIW7 711 o(lcl (11-

10WS fhc pri?ttiLi7)cs 10 bc c:r:l.Iuci.c(~ 7ohIslly. ‘1’)tc  ]mi711-

i(itl(!s  (17’(!  lw(llcd  by C!t:plf)l’in.q  i!llc p(lwflldcl’  S]l(lcc,

wltid L is SIJTW  clflrcd m a ILicmrch?j o f  CC1l.9. Y’Ibis  ICCWUS

i7/ (I ,s(:(lw?L shnl.cqy h L i s  robml i{) (1;9[T{Lc L07, S, ?//iss-

i719 d(l!.a,  (171([ 7Loisc iLIL(~  lhol dws ?/ ()[ 7’cqf/i7’c  (1’11 i7/?(if)~

c!s/i7110/k of f,hc p o s i t i o n s  f)f f)Lc gw?[tckic p7ir//i Liucs.

WC CX(ITILiI/  c, i7/ ]I(LIlicd(  II, ~hc wc oj these icc}l?ligvcts
[() (/ f!i.CCi. c7(1Lc13 07/ ]d(171Ci07’~ bo(~i(!s by dwli?/~/ c?7’-

clcs i71 i<w- (li7[tc TLsi(nt(ll  e d g e  duk (171 d  10 jill(l 7171(;1 -

~lhd(!d 07d71(171CC  i71 ir,sl  l’(I>?lgC,S h/ 10C(I illl~ C@i’lLfk!7’m$

17/ t/LIc(:- di711C71Si071(L~  7’(L’71$’[: d(l /hl fl?ld 7’(:(11 C2XL?/l])lCS  (IT’C

S/1(> 111/1.

J lntrocluctfion

‘I II(J  (xtracti(nl of p,c(nll(:t7i(  IIlilllitiv(:s fmll ilt)ag(’
(lilt a is a usdul tool ill I)Ially  :Il)))li(:ltjiolls.  ‘1’w) ($xalll-
1)1(s iltat wi l l  IN cxa~l)ill((l  ill this  work  ar(’ (l(t((”till~:
(.rat(w  011 }da  IIct,a I’y Ix)(lics l)y (:xtra(.tillp, circl(x  fl (1111
(’(1~,(’  (klta,  all(l  lo(atillg  llJl(!x])]()(kd (ll’d TlaIlc(!  till’oup,ll
tll(’  (:xtractioll  of (ylilld(’l”s  fl’OJll  St(:l’(!()  l’all~,(!  data.

S(wIal IIIctlI(I(ls  IIavc lmII usc to (x(ract g(!olll(tri(
])ri]tlit,ivcs  fro]]]  i]l)a~,(:  (lata.  ‘1’1)(: IIlost ])()])u]ar  l l ) ( t l l -

0(1s :II(! variatiol]s  011 tllc 1 lou@I tra]lsforln  (s(’( [9, 1 O]
for  r(i’i(ws  o f  SU(OI  t(xlllli(lu(w).  ‘~’l)(w  IIl(:tllo(ls IIIa])

tll(!  illlngc  f(~atulcs  into tlkc SIM(Y:  of lmssildc l)rillli-
tiv(: lmraltl(:t(:rs [nid t,ll(!ll Sc:llcll for ])(’ilkS ill this  l):!-
lalt)(~t,(!r  SIHI(C, sill(v tli(:sc links cOII(!SI)(HI(l  to lilwly
p,(wlt)(:t)i(”  l)riltliti~’(!s.

OIJI(’I  a])] Ima(lIcs  illclu(lc tllc US( of ml)ust. statis
tics to fit tll(: iIlla~,(’  diltil ill tll(’  ]) Irs(vI(r  of ~lois(  :Iltti

"llttl]://rc)t) ()tics.j]) l.l]as;l. p,c)\,/[)c,(b[>  l(:/()lsc)ll/ tl()[[\c'~>ay,v.l ]lllnl

mltli(’m [7, 13], lli(’t,llo(ls  tllilt llyl)otll(%i~,c  in.illlit,iv(:
))osit imls usillp, sIIIall  s(ts of data  f(wtllr(x  aII(l  tJII(:l  I

test c: I(”II l)ositioll” that is llylmtll(wi7(d [3, 14], lllilli-
ll)i7,nti(nl  of a cost full(”t  ion tllrou~;ll  itcl atiw ol)tilt)iza-
tio]l [1 5], aIId rcp,i(nl p,mvillp, [2].

A Ii(!y (lralv}m(k  to II IaIIy of tll(w IIl(:tll(ds is that it
is (Iiflimlt  to I)(M) l)mlm~,at(:  tll(’ cflccts  of lo(.t)liz:; ti(ul
CII(N iIl tll(! (Iatt) f(:atum aTI(l lIa IIdl(: 1:11.gc aIII(IUIItS
of (listla(.~ill~,  (Iilt[l (:I lml”ticular  Iwiltlitiv(: lnay consist
of a  sIIIall  fra(”tioll  o f  tll(’  total  (I(lta).  ‘1’11(:  IIlct  110(1s

of (; II(v I [7] aII(l 11(:s1  aII(l ,l:li~l [2] C: III (]ral wit]) tll(!w
l) IOIJ(:IIIS,  lmt  l)otll ]tl(tllo(ls  wquiw  /111  i]litial  (:stilt)at,c
of t,llc l)lilllitiv(’ l)ositi(nl  il?l(l tl](:]l it.(!l:)tiv(!ly  ITfirl(’  tll(’
fit,

III this  W(wk,  Ivc ttlk(’ aII aIq)I(m(lI tllatj (1( ’;11s
wit]l tll(: (’fl(’(ts of lo(wli~.atioll” (’rr(w (~xl)licit]y tllr(mp,ll
tll(’ U S ( ’  (If ii ll(mlld(d  CI’I’(  l]’ IIlodd,  (’:111  llall(ll(!  lal”f’,[’
aIII(NI  IItS of (Iistra(”til  l!; (Iata, aII(l  (Iocs  ]Iot  re(]uil(’  aTI
initial  (stiltlat(’  o f  tll(’ l)riltlitiv(’ l)ositioIls. ” oul a])-
]) N);l(’]1  iS illS])il’(!(]  ~)~ l’(!S(’~11’(’]1  (HI ()])~(’(”[  IY!(’(lgllitioll  i l l

~vlli(”ll  tll(’ lmlalll(t(r sl)a(x: is mwlsilrcly  (Iivi(lcd  :111(1
I) IUII(XI [4, 8]. \\7(~  wtaill  tll(: sl)littill{; aII(l lwullill~;
s(::II(lI  sttatq:y, lmt It]t 11(!)  t 11:111 usill{; (Iiscr(:tc IN )ill(s
il~ (Ill] 111()(1(:1, \v(: 11s(’  a l):ll:llt)(!t(:l’i~,(’cl  IIlallif(d(l  to l“(!])-
wscllt  tlI(’ ~,(’olll(’tri(” I))iIIliti\(’s.  Silllil:]r ideas a).(’ also
US(XI ill tll(’ last ll(mp,}I  ‘Ii:)llsfo)lll [1 1], altllous,ll this
Jll(tllo(l (10(’s  IIot 1)1 (qm~::lt(, lo(wli~a(i(nl mm.

\\ ’(\ IIot( that it is l)ossildc to US( ol)jc(t ml)glli-
tioll t(xlllliqll(s  (liw(t]y  irl tll( (:xtrn(ti(nl  of g(olt)(:t7i(
lnilllit,iv(s,  l)y (c)llstl~l(till~, :1 call(nlic:ll l)lilrlitiv(:  collI  -
]) OSC(I of a s(t of (lis(wtc  l)oirlts, llllt  tll(!r(!  :1)(! s(’\J-
(Jral  (lis:)(ll’:llltfl~,(’s to this  :11)1 )1():1(”  11.  l~i~st, i f  lv(’ (lo
IIot krlo~v tllc s(alc  of tll(: l))illlitiv(~,  tll(’ saIllldillF,  of
])(JilltS  (Ill t]l(! ])1’illlitiV(!  Will  (’it]l(!l  1)(!  t o o ”  COZII’S(!,  ~111(]

t]lus :1 II(JOI  rq)r(:scllt  at ion, ())’  too” fil I(’, alId v(’Iy t,illt(~
(,(nlsulllill~,. SC((HI(I,  S(IIII(’ lnill)itijws,  suclI a s  cyliIl-
(1(:1’s,  lI;IY(’  }K)t(’lltiillly 11111 )(11111 (1( ’(1 (!x[(:llt).  If U’(’ ~)1:1(’(!
al I artificial  l)(ml  I(l 011 tll(:  (’xt(:Ilt of SIICl I l)rilt)it,  ives,
i( (’:111  ](’[1(] to ])1”()])](’111S ]Tl t]l(’ (’Xtl’:1(’tioll,  :111(1  it :1(](]S

all(ltll  (’1’ (I(y,l’  (’(! of fl”(!(!d(llll  U])(nl \\’(! IIlllsi S(!al’ (’11, Such



.
:Is ilallslatlimls  aloII~\ tlll(: axis of a cylill(l(:r.

“ ‘I; I this work, r,(olt]ctri(  IJriltlitilws aw cxt In(4c(l
“  fIOIII tll(: iltla?,(, data l)y s(!adlillp,  f(w lJ:ilaTll(!t(w  (m-

mslxnl(li)l~, t(I ljliIllit  iws t]lat s a t i s fy  aII  accc])t  :IIICC
(vit(~ri(nl  lMS(!(l  (MI II(W II IaIIy of tll(! (Inta fc!at,um :IIC
fit ljy tll(’ l)rilllitiirc u]) to a  lmuIId(d  mmr. III (wdrr

to IJ(nf(wltl  this  s(:aI(lI,  w(: c(nlsi(](n  m:tilill(mr  ((11s  of
tll(!  ]ml”alll(’t(’l’  S])aw. 11’01 cacll su(lI (.(11 t,lIat, is cxal II-
ill(~(l, w(: d(:l(:l]tliIl(!  w’ll(:tll (v. tlI(! (“(J]]  c(mld (mltaill  tllc
lml/,lt](tcm  for a }nili)it,it,c t]lat, JI](wt,s t,ll(: accq)t  2111(”(:
clit(’rioll. If IIot, tlI(:II tjll(: c(,ll is l) IWII(K1,  ot,ll(’rlvis(: tll(’
((’11  is sldit  illt(]  t M’o suljc(:lls  aII(l tll(: suljcc]ls :IIC (~xa III-
illo(l mwwiv(:l~’.  \VII(:II a \K!Iy SIII:II1 ((’11 is Icacl I(:(l, Ivc
t(~st tllc l)rilllitiv(, at, tll(: (wlt(v  of tlI(I ccl] to d(!t(,rlllill(’
if it II IWIS tll(: a(m:l)ta~lc(~  (’titcrioIl.

S(Iv(:Ial  t(xlllliqu(:s aKI US(XI  to illll)r(]v( tlI(: SIKWI of
tll( S(:IHII.  A lli(rawlly of tlI(: ili}a~,c  fcat,uws is colI -
st, rud(:(l  t,]lat, all(nvs t,ll(: ~)lwIlillt\ of IImltild(: f(,atur(~s
at, a tiltlc,  so that IIot, mwy (lat,~]  f(mtjur(, II]ust. 1)(:  (XIII-
si(kw!(l  cx])licit,ly for caclI (“(’11  o f  tll(: t,l:lIlsfollll:ttio?l”
S])[1(’(’.  l~ol)llSt  ]’:!11(10111  saIl)ldillp,  t,(~(.lllli(lucs a]s() ~ls(,(]
to iltllmw:  tll(! SIW(I o f ’  tllc S(WWII.

‘I’l I(! l)alal I(x of this  I)iIII(:I  (xIdoI(w  tll(w i(l(ws ill
(I(t:lil. S(,cti(~Il  2 (Iis(wsscs th(: II I(tlI()(l l)y \vlli(”ll ~;(:c)-
IIl(:tri( IwilllitiJu am )cl)).(:s(:llt(~(l. S(x.t,ic)ll 3 (I(wril)rs
tll(’ Imsic II)(:tllo(l  for s(mlcllill~,  tll(: l)am~llct(:l’  SIHICC.
‘J’l  Ic ol)tilili~,:]tio]ls”  that aI(: US(.(1 to SINK(I III) t,lI(I s(,aIclI
a](, (Iis(wssc(l  ill S(’(”ti(nl  4. S(:ctiorl  5 {~iv(:s  (MIIIIlh  of
tll(: wsultls t ha t  IIaw  l)ccJI  a(”lli(’v(d  wit)] ma] iIt)ag(w.
l’illally, Swt,i(nt G sultl]llariz(:s tlllc (orltlil)~ltiolls”  of this
]}:1] )01’.

A (lass  of ])rill)itiws  CaII IN w]m:s(!llt(xl  as lmlalll(!t  -
li(’ ~l)allif(d(ls  d(wtil)(xl  l)y t 11(: (Y][]iltio]l j(A’; 1‘) = ( ) ,
WII(W A’ i s  a  v(!ctm of tll(: datil  f(mtuw lmr:lltl(:t,(:m
all(l 1‘ is i] v(:ctor of tllc in.irllit,iv(! lml.altl(:t,ms. lvc
w i l l  l)rilllarily  cmlsi(lcr two cases  ill t,llis ])a])(JI, t,l)c
(:xtra(.lioll of (.ircl(x+  f].olll tJv(J-(lilr)(:llsioll/11 c(IF,(J dat H
[111(1  tll(’ Cxtractioll  of cylill(l(v.s  fret) t,lil(’(’-( liltl(:llsioIl:)l
l’~11’r>(’ (Ii’t’f’

111 tll(! (’/1s(! W]l(!l’(! W’(’  Want, to (! Xt)’a( ’t, cir(’l(,s fl’olll  a
tivo-(lilt)(:llsioll:ll”  c(lr,c illla[;(:,  our  (lilt{] f(wt,uws lIavc
tlvo }):ll:lltl(:t(:ls, tll(! x aII(l y l)(witiml  of tll(: (XIF,C l)oillt,
S(I irl t,llis (21s(: , A’ = [{r y ]{ . (;irc](v+  IIaw t,flr(~c (I(,[T,Iws
o f  fl’(!C(](Hll,  ])tll’{Jll l(’t(’l’j7,(i(] ~)~, fol” (! XHIII])]C,  ~]l(!  C(lOI’ -
dillat,(w of t,ll(> c(v ItcI, (Zc, ye), aII(l tll(’ ra(liusj  r, S( ) \Y(!

lt’i~,ur(,  1: l’:lr:llrlcl(,ri~,:ili(]ll Of il cyli])dcr,

IIav(’ 1’: [:/”,. y,  7 ’ ] (. (hr l):ll:lltl(!t(:l’i~,i~tr,  (xlu~ltioll

(:/’ :to~ -1 (~ - y, )2 - 7’2: ()

is:

t(’]sl);l(cis (:lsi(:)lls(:. \Y(! \lS(’tll(’ ])()]:11’:)TIF;lC,
a7, i11mtl[, (), of t,ll(~ axis (Iiwctiml su(.11  t.lis t,:

(f), all(]



.
,.

[1(“os (/) (“(1s ()
. A= sill @ (“os O

sill 0

\\’(: us(! tlIIw, caws to }J:ll:]ltl(:t(:]i7Jc tlI(! axis )millt
cl(wst t o tlI(~ ori?,ill, (I(:lmldillp, (111 wllicll C()()l’(lillilt(’
axis is (’l(wst, to tll(, cyli II(k:I axis (Iiwctiml.  ‘1’11(: tliw
c(m(liIlatj(:s t]lat do IIot, coill(”i(l(’  wit]l this  ((m(lillat, c
axis ar(! us(:d  to l):]l:llll(:tcli~j(’  tllc ljoillt.  \Vitl lout loss
(If ~,(:ll(:)i]lit~, l(:t u s  :ISSUIII(J  tl)at Az > Ar ~IId Az >
A{,. III tl)is c a s e ,  w ]);lr<lltl(’t(ri~(’  1) I)y 12 aII(l I’t)
Su(’11  t,llat:

‘“ [-i-d

3  Smrd]i]]g  t]hc paramdm  space

\V(: II(W (Iis(uss tflc s(Mr(lI  strategy 11.Y wllicll lniilh
itiw!s arc locat(xl ill tlIc d a t a .  \;’(: IIIUSt  first sljccify
sOIII(J  a(w!])t,a]lc(’  crit(:rimi f’(n.  tll(: })rilllitiws.  (hI(I Iws-
sil)k (.rit,crio]l  i s  tll(: lIultllm’  of (1:11[1  f(!atul’(%  tllilt li(!
~vitllill s(m I(: allmwl)lc  error, (, of tllc l)rilllitivc.  \VII(:II
lmi?liitiw:s of all)itraly scale a)(, (mlsi(l(w(l,  it is of[(’11
uspfu]  ill lnact,ic(:  to II(mIIaliw this  c(nl  Ilt, by tll(’ sca](’
of tllc l)rilllitriw ((:.g. I)y (Iividill?,  I)y tJIc radius  f,)]
tllc (wscs  (Iis(uss(d  almvc), s o  t]lat, tll(w is II() I)ias
t(l\Vill’(lS  l:lrr,(!  ])riltlit,ivcs. WC r(!IIOIt (’itll(!r tll( l)(~st
])riltlit,iiw a((or(lill?,  t o  t,llc crit(vi(nl (Jr al]  p)iltlitivcs
that Sul’])ass Solllc till’(!sllold, ‘/’.

’11) fill(l tllc l)liltlitiws that, siltisfy tllc acc(’})tall(w
crit(,ri(nl, wc ((nlsi(](v Ixxtilill(’al (x~lls ill tll(: lmla~lwt(:r
SIHIC(,.  It, is t,llus iIlllwratiw:  t,]lat lN)uII(ls  (YJII  he ])law(l
(III lmIaIII(:t(:Is  d tll(’ l)riItlitiws  that w sw!i, (w that)
tll(’,y :11’(’  llatul’a]ly l) OUII(I(!(I. ‘J’llis is riIsy to a(”lli(:v(!  if
illl al)l)qwiat(, l)ill:llll(’tcli~j:ltioll is (“110 S(’11 ;111(1  S(1111(’
sillll)lifyill,g  assultll)t,io~]s  aw II Ia(lc (su(’11 as mjuirill~~,
t h a t  tllc c(’IIt(n of tll(: cilclc  lic illsi(l(: tllc illla~,(:, (w
tl]at tlIc cylilld(v  axis l)ass  through the raIIgc  (latla).

At tli(~  })(’p;ilillillg  of our S(WICII,  tll(:  ]):11’:~lll~t(’l’  SIM(W

(“iIll (:itllcr 11(: c(nlsi(l(wd  as 011(! hp,c cdl, (n it HITI 1)(:
(livi(l(~(]  into s(’iwal  SIII:J1lCH  (d]s t h a t ,  arc (:xalllillc(l
ill(lii’i(lua]ly.  (’1’llis (livisioll  is II(J(wsal’y  for cylilld(vs,
sill(r w(!  d o  ]Iot,  want  alIJ c e l l s  to cowr  ]IION tllall

011(’ (.as(: ill  tll(,  lJ:ll”:ll tl(:t(’]i7j:1ti (]ll.) lt:I(lI  l)oillt  ill tll(~
])ara)l)(:t(:r  s])a((’  rcl)mscllts  a l]ossild(:  ~jositi(ni  of a .p,(!-
oltwt)’i(” l)rill)itil’(!  ill IJI(! ( l ab . ‘1’11[’ ])al’anl(!t!(’1”  S]):](”(’
(’(’11s  211’(! W)lulll(!s  of tfl(! ])al’alllct(!r  S])a(”(’  all(l  t,llus 1’(’])
r(:s(’llt  a (x)]ltillu(ms Slja((! of lx)ssil)l(,  p,(:(~ltl(:tri(”  lnilll-
iti~rc lo(’ati(n]s.

II;:ICII  w]] tflat is (Jxalllill((] is t(stc(l to d(:t(vltliTl(
i f  it CaII  m)lltaill tllc lmralll(W]s  of H ])riTl)itiv(’  t]lat

sat isfi(w tll(: a(ll~l)tall(’(’  (vit(:]iml.  AT I (’fli(”i(!llt t(:stliri~,
]Il((llallislll  is US(,(I that is c(ms(:I vativ(’ ill tflat it II(IV(:I
IU1(:S  (mt a (“(,11 t h a t  contains  {J F,ood  l)liltlitiv(~, })utl it
(“a II fnil to 1111(1  (mt a  (’(!11  tllatl (k)(,s IIot  coIltaiTl aIIy
p,o(I(l  l))i]llitiv(:. ‘J’llis \vill IIot, r(!su]t  ill falw ]mitiv(:s
sill((~  tlI(  ((~lls :II(S l(wlwiv(’ly  (’xa]llill(xl  at, fi~l(v ws(llw
tiolls u]ltil IV(’ IWIClI  V(VY sIIlall  ((11s, IrlIiclI  aw tjcst(x]
})y (ollsi(l(virlp,  a ])articular  ])riltlititc  witllill tll(: ((11.

III ())(l(r t o  t(st tfl(, ((!11s (flici(vltly, W(’  first  (011)-
])utc a  lN)u IId 011 tlIc (lIa II~,(: ill tll(: (Iistlall(”c of aIIy

illl:lf,( f(atuw fmll tfl(: lniltlitikr~’ tflat  (’all 1~~ (“alls~(l
}rj lll(~villp, tll( l)rilllitiv(  f’IcmI tllc l(](atioll  Sl)c(.ifi(d
})y tll(: ((!llto of tlI(: ((’11  t o  HIIy otll(v lx)sitioll ill t,ll(:
((11. \J’c Jvill (I(vlot(’ t h i s  lmuTI(l d~ fcn C(I1  C;. M’(’
t]l(vl (I(t(,llllill(  tll(: (listallw, of, of (~a(ll iltlaf,(i  f(x-
tuw, j, fl 0111 t 11( })lilllitiw  r(!lmcs(!llt ((1 h tll(’ ~)oirlt
ilt tll(! ( ’( ’ l  It( ’ l” of tll(!  (’(’11  all(l  (’ollllt  llO\i”  lllall~  of tll(’
{(at  ur(’s  nil  V(’ N (list :171((: that is 1(:ss tllall tll(’ :11101?  :)1)1(”
(’I 101’,  c, IIIUS tllc lKmII(l (JII t,ll(: difliwvl(”(!  ill distatlms
(l(:smilm(l  alj(n’(’  ((if < (Ic -1 f). ‘III(! (’(’11 (“all 1)(’ ])1’IIII(Y1

i f  this ((milt is 1)(’lour  tll(: tllwsll(~l(l  s(l hy tll(:  a(c(!l)-
t  a~l(.(: (“lit (violl. \\711CII  tllc cdl  (wllllot  })c I) III II(Y1, it
i s  (Iivid(!(l  illt(j ttv(~ sul)wlls  })y sli(illp,  it a t  t,ll(: llli(l-
})oillt,  of (m($ (If tll(’ l)araIII(t(:rs  aII(l tll(:  sul)((!ll:  arc

collsi(l(v(d lxxwwii’(’ly  usill~, a (I(y) tf-fil.st  s(mr(’11.
’11) l)wv(!llt this  IIl(:tllo(l  fro]]] (Iivi(li]lg  tll(: cells until

tll(’y ill’(’ Illl)itlillily  Sfllilll,  W ( !  S(’t /1 tJlll”(!Sllol(l 011 d( C.
\Vll(’11  (/(~ filllS  l)(!l(II!’  tll(’ t 111 (%1101(1, \i’(! t(!St tll(!  (’(!lI t)s
((]llsi(]millp,  tli(~ quality (If l)rilllitiw at tllc c(nit,cr of tll(~
c(~ll t () s(’(, if’ it llw(:ts tll(: a(wl)tall(( crit(:rimi. ‘J’liis
i s  (xluiwl(’llt to iltll)osillp,  soIII(! ull(l(’rlyi]lp; dism:tix:)-
tiorl 011 tl]c lml:l?ll(:t(v Slm((, HS is (1011(: ill [6, 8], aIId
c(nlsi(l(’rillp,  (NIly tllosc l)(lsiti(nls ill tfl(  ull(k:rlyillp, (lis-
(w:ti~atiml.  11 is l)(msild(~  that this c(ml(l (wusc  a lwin-
itiv(’ that IIl(x’ts tfl(~ a(wl)ta)l(’(!  crit(nioll to I)(I ]tliss(xl,
l)ut, sill((  tll( (cIIs iII( v(n’y  sIIIall wlI(m they ar(, t(:stc(l
iIl this  II IaIIII(V’,  it i s  ulllikly tltat a siF,llificaIlt  (:mm
\vill IN: II I: I(lc.

Not( tliat aIIy  ilt)z)~,(  f(:attlw  f o r  lvliidl it, is (l(t(v-
IIlillc(l  that t,ll(: f(,atuw ca]lllot  i)cloII~, to aIIy I)liIl)it,ivc!
ill a lmlalll(:t(n  slm((!  (.(:11 tllilt. callrlot I)(J InmIId  (i.(~. it
(I(xw )I(lt ((ultril)ut(’  to tll(’ (ml]lt as (I(wlilw(l  al)(w),
II(W1 II(d })(, C(nlsidm’(1 ill tll(: ]((wlsil(,  (,x:]lllill:lti,.)li  of
t,l I( sulJ(xlls, sill(( ll]iIllitiw:s l(,l)l(:s(llt(cl I)y tllc sul)-
(“(’]1S {11’C 8 SU])S(!t  (Jf t]lo S(” 1  (’])1’(!S(!Ilt(Y]  l)J’ tll(’  ol’i~,illal
(“(’11

3.1 Cmn]]uting  d(:

‘111(’  collll)utatio)[”  of (/(! vari(,s (1(’}ml(li]lp,  (HI tll(: class
of l)lilllitiws t,llat w(’  are ttyill~,  to lo(”8t(I. Fol (:xa II I])lc,

~YII(II ~v(: tvisll to d(:t(xt  cir(l(s,  wc US( f(X, 1 ‘ )  : (T -
:1,.)2:  (:(/- :(/C) 2- 72.  (;ir(vl  t w o  (iwks,  I’I : [:r I ,{/I,  71]1



.
.

.
aII(l 1’2 : Ix2, ?/2, rx]{, tlIc diff’mnlcc  ill tll](! dista]lw  o f
:111~’  ])oiIlt fl’olll tll(’S(!  t\irC) circl(:s Cilll 1)(’ I) OUII(I  (’(1 I)y:.

. .. —-—
d < <(71 “: 72)2  -1 (~/> {/J~ -1 l?’] - ?“21

wv (aiI US()  this  rclatio]lsll i]) to I)law tll(~ folk)}vill?,
})01111(1 011 (1(!:

}~01 (ylili(l(w,  d~j is III(W(:  (liflimlt  to cmlllmt(,  siIl(f(!
(“llilll$,(!S iIl tll(’ oriclItatJiml of tlI(! (“ylili(k!l  nxis (“a TI
(lIaIIc,(’ tlIc (listaIlc(  of a  lmillt  fmtt tll(’ cyliTl(l(:I lJy
[1?1 111’l);tl’fll’~  alll(l(lllt, i f  t}l(! ]K)illt  iS f~ll’ (!ll(lll~,ll fl’(1~11
tll(’ c(’lltcr of mtatji(ul.  \\zc US(::

(“i-:’’)-’ “’’{(5’32-’ (%T
Wll(’r(! (7”[  , 7“/,),  (0/, 0/,) ,  (~q , dv,) , aIl(l two of (7’/, :~h ),
(111, :y,, ),  aII(l (2/, z,, ) arc ~,iwl l)y t ltr l)ouIl(lari(:s  o f ’
tlI( ((11. ASSUTIIC,  f o r  (!w]])lr, t h a t  A, >  A., aTI(l
A, > Al,, aII(l t h u s  7 aII(l ?j arc usc(]  to ]~:lr21111(tcli~(
111(: lmirlt (m tlIc axis. IV(: lMmII(l z], - Zl Iy (:xall]iIliIlg
tl I(, s(llutirn]s  to 1‘, = Arl’v-  A1)l~

A.
at tllc a] )ln.(qwiat(!

(“01’11(!1’S (Jf t,]l(’ (X’]]. ]11  t]li S (!(]llilt,ioll,  d), iS ~1 1)01111(] 011
tll(’ (liStilll(”(!  frolli 1’ (tli(! cylilld(v axis ])oilltj Clos(’st, to
tllc ori[;irl) to tll(! ilt):]g(: f(:atum t]) at, w(! arc! (wI I] )ariIlp,
:Ir,ailist. A  sill~,l(:  (/1> CaII 1)(: US(YI  f o r  i~ll of tll(: i)tlt]r,(’
fcatuws,  or W( CtITI (“()) [l])ut)(:  (IJI  for (!;I(II illlop,c  f(wtur(

to n(”lli(w(: a tir,llt(!r I) OUII(I. Now that O aTI(l  (/) ar(’
II)(:asurd  ill )a(limls.

3.2 Sc!lmting a parmnetm  to s u b d i v i d e

\\~(Jt)llst<[  l(:(”i(l(!,w’ll(  :ll accll (;illllotljc l)lll?l(!(l,}~’l li(ll
])aral[l(:t<(’r  slIcmld  h s l iced to Sul)(livi(lc  tllv cdl. W(’
sIIOIII(l  su})divi(lc tll(:]);llzllt)(’t(’l ~vllicll  co~ltlil)llt,cstll(
la) ’~,(’st  all)(mllt to [1(;. ll(l\v(!\’(!r, t}lc ]Hlrarll(!t(!l’s  do

ll(lt  [’ollt  I’;])llt C ~llllOUlltS  t,O d(;  j?l(](!])(!ll(l(  !llt]~.  \~)(L  a])-
l)ly II(:ulist,i(s to (xtilllatc  wlliclt of tllc’ ])arall)(:t,crs is
rolltril)utill~  tll(’ p,wat(+t, a~llourlt ,  alt(l slim that 1):1-
ralll(!tcl’. }rol” [’X/llll])h!,  WY’ ])1’(!f(’l’  t,(J  S])]jt  t]l(’  l’~l(]iUS

l)(for(tli  (])ositioll” oftll(((:  ]lt(’lof:]” (irclcif:

{(i’’’”)’’’)’’-”< fi(:>+)’<fi(: >+’”)
‘1’IIcIc,  aI(: tuw ]]ri~[laly  IItet,llods  l)y wllicll IV(: iltb

])lol’ct, ll(” S])(’(!(l oftllr ])al”alll(!t(!r S])}l(’(’  Sml’(”]1. ‘1’ll[!
fi)st is to (x)llsi(kr a lii(rar(lly  of tlir illlag(! f(:at,(lr(’s
that :lll()\is~ ll:llly( )ftll(f(: lt(ll(!st()l)(  ])lu~l(`cl  (luickly
f(n a  lmlti(wlar  ])aIaIIICtl(:I  s])ac(  cell aII(l  tlIc SC(OII(I

i s  tll(’ Us(’ (If l“illl(loTII Slllll])lillp, to l.(’(l~l(”(! tll(’ (l\’(!l’illl
ZI)llollllt (If t]l($ d~lt~l t]l~lt  ;S ])1’(JC(’SS(!(] ])~ tll(’  fll]] :l]p,()

ritll]ll,

It isl)ossil)l(’t  ol~ll((,llt:,((:” 1} of iTt]a~,(, f(mtuws f,w a
l)alti(.uli)l  l):IlalII(l(I  slm(c ((!11 l)y (Jxtllllilli?t!, a sillglc
ilil:)~’,(:  lo(’iltioll”  usi]lp, a lII(:tll(I(l siTllilar  to t,llc 011(: l)y
wlli(”li  c(’IIs  irl t,ll(: lmroll)(:t(v  s]m(v aI(’ l) IwII(d  aft(:r
(Jxilltlillillf,  OIIly a sill{~,l(: lm+iti(]ll  iIl tllc’ ((!11.  (k) Jisi(l(v
a  ccl], I),ill tllcil(l:l~,cf c21tlll(:sl,  :ic(:. lmt,cl) lwtlw
(xlit(!r of this  ((~11,  (1/, lW t,ll( (Iis(all(”c frorll cl, t,(~ t,ll(:
f~lltll(:stil  lltl~,(fc: ]t~lr(ill tll(:c(:ll,: jll(l(lc,, lwtll((l is-
taIt((’fr(nll  c)) totll(:l )rirllitilcl(!j  )lcs(llt(!dl)ytll( (( ’?l-
t(’)’ of [1 ])~11”~1111(’t(!l’  SJ)tl(”(’ (“(!11,  (’~. 1)(  ’fi Tl(’ d[, ~lS ill)()\r(!,
($x( ’c])t, tllilt t,ltis l) Oul I(l llo\i” ]1111  St :I])])ly  to tll(: iltla~,(~
f(aturcs ill 1). If d,.,, >  (/]) -1 d~f +  (, tll(’)1 JI() i?llq;c
f(;ltul(’ iIl tll(’ il(la~,c (’(’11 (’i\ll TIlat(ll  il?ly }milliitiw ill
tll(’])ill’Llll  J(’t(’l”Sj  ~;l(’(’(’ (’11 ll])totl l(!(!l’I’ol”,C,  tlll(l” 1{’(’C:III
tltllsl~]~lll(, tll(irl):lp,(,((ll fcJlt}lisl) z]l:lll](, t(:lsl):l(((. (*11
aII(l aIIy of its sul)c(!lls  that aIc (!xa~llirl(d.

‘1’(, t}lk(  il(l\’illltil,P,($ of this idea, V,,( I)uild t! IIi(nawhy
of illlar,(,  f(mtuw (( ’lIs. S(’C l~i~,ul(! 2. ‘J’llis is a l)iIlary
tw(, IilI(w’ (wclI  IIo(l(’  coIIcs])OII(ls”  to a cd l  ill tll(: ili]-
a~,(’f(’atul(’  S])?l(”(’. ‘1’lIc mot of tli( tr(w is a (vI1 just,
]:ll"~;(' (`ll()llp,]l  t()("(lTlt:lill~ ]](lft] l(`illlilp,($f(  itltlll(!S.  ]4;2(]1
(dltl]atj vollt:]iIls~llol(!” tllall olt(!i~tl; iF,(~f(’:lt,lll cli; ~sl, \4’()
cllil(lr(vl  tjll:lt, 211(’  roup,ll]y llillf i t s  sire’.  h’ot,(~ t,llougll,
t h a t  tllc ullioll of tll( sul)cclls II(W1  IIot l)c  [!qui\wl(vlt,
to tll(! ]):11(’llt  (:(’11, sill((’ }4’(! 11(!(’(1 only (’IISUI”C’  tllilt tll(,
SUI)(.(I IIS (.OVCI all of t,ll(~ illl:l~,(: f(/]tur(siIl tll(:oliF,iTlal
ce l l .  lhcl I illdivi(l(l:il fcatur(, is a lc:if of t,l)(! t,m:.  W’(:
lmil(l this t)w r(xursively  I)y sul)divi(lirlg  tllc c(:lIs at
tl)r ltli(i])oi~lt  of t]l(!]oll!,(ist  axin] (]irc(”tioll.  I121cII  sIl~)-
(“(’11 is tll(vl (w(tract(  ’(]  SII(.11 that,  it is just lzIIp,(:( sIIOIIf,lI
to CC)lltilill  al]  of tll(’ data f(vltjuws  witllill it.



.

,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
:,

●  �✍
✎

~1 “---”-’----””-----”-l;●
[ ‘1’}1(,  1001” of {11(’

●
~ (NC is ?1 CX!]l
\ lilr’g(!  ellmlg]l to

● : hold all of tllc
; i] II agc fcal UN+,

..n — . . . ..- ——..  .
/ \

. . . . . . . . . . . . . . . . . ...! .. I. .!\.....  . . . . . . . . . . . . . . . . .\/
i “1. . . . . . . . . . . . . ..<......  . . . . . . .... . . . . . . . . . . . . . . . . .

● L.. \

I I t.. 1’\\ [ }’;;I( II 1101]  -l(!ilf 11[)( 1(’\..—  —— ● : llilS tw’c)  childml
~ {Ililt ill’(’ SUII(’OIIS
: C(llllilillillg  tll(!
~ f(!iltlll(!’+ ill 111(,~ ._. .

/ ‘\ ~ ]]il~(,llt (CII.
~_ .-..

. . . . . . . . . :{ . . . . . . . . ..f . . . . . . . ..j..!l.. . . . . . . ..j
;\. . . . . . . . . . . J . . . . . . . .. J . . . . . . .. J! . . . . ..} . . . . . . . . .i

4’ ‘! /’ \\/’
I 1.J’ [1,~ lll(li\idl]ill  f’(,iltll I(!S1II ~ ilI() l(!il\r(!S of 111(,

:1 1

:-– —-’ \ 11(’(!.

1
l?

--7 1’ ‘1:- . . . . . .. ---- / \,Mi-------------------  . ..l-. Ji. -...!,

I“if,ure ~: ‘1’11(,  ilI)i\gC  f(:atlll-(w iil’t’  rccumivcly  sul)riividrcl  t o
f(lllfl i] IIi(!lilrl’lly silrlil:)r  to (IIC ]Iilriilll(!l(,l S])8(:(! ((,11S.

Now, WII(:TI a ]mrt,icular ]mraltl(:t(:r  sjmc(! c(1I  is cx-
tllllili(~(l, w: s(:arcl  I this t,r(x!  of rolls ill tll(: ilnagc s]mcc,
ratlIcr tllall ((nlsidcrill~  cacl I fcatllr(: ill(livi dually. ‘J’llis
is lxLIf(n’IIIc(l  ill a silt)ilar  II I: II III(V  to t,ll(: S(WWII  mm t,ll(~
lmra~ll(:t(:r SIHI((I  wlls.  lb (!H(lI ill)ag(:  sl)o(w ((,11 t,l)at
is (~xa~ltill(’(1,  wc d(:t(!rlt)iTlc if it CaII 1)(! I) IwII(:(I.  If tllc
(“(!11  (“all not, l)[! l)rull(Yl, tllml WC (xaIlliIl(:  its sul)(dls,
UII1(WS  it is a leaf, ill wllicll caw  w(! ill(w:llmlt  tll(, count,
011 111(! IIullll)(’r  of f(!at,ul’(!s  that  (“aTlllot  })(! ])1’UII(:(I.

4 . 2  llaIIclmII  sall]pli])g

]11  IIl:lllj’ (’:1S(!S,  t]l(!l’(!  iS TIIO1’(’  (]{ltil t]l:lll  Il(!(’(!SSal’y  to
(!xt)[lct  a  ?,(xj]ll(%ric ])rill)itiv(’. l“or cxa II Ild(:, a cylill -
(1(’r  t]lat (:(nws olIly a 2[)xl  ()[) ]mt, clI ill a raIIg(J iltla?,(:
yi(’l(ls 2500 ]miItts mI tll(:  (ylili(l (v, wllic]l  is far II I(IrC
tllaTI \Y(’  IIW(I  to rxtrart  tlll(’ (ylill(h:r. \Vc CaTI US(’
raII(l(D II saltlldill~; t(@llli(lu(*s  to rc(iu(. (’ t,ll(! alll(mllt  of
dzIta t,l]at is (’xaIl]ill(d,  wltil(!  oIIly sliq;l)tly  (l(!cr(xlsi  IiF;
tll(’ accuracy of tlIc tdllliqu(w. ‘1’0  a(wnlq)lisll  this,
\\’(! Sanl])l(!  S())ll[:  S(!t of tll(! illlap,(! f(!atju]’(’s  at IWldmll  ,
wlli(”ll  HI(!  lMO(:(WS(!(l  IIS d(wcril)(d  al)mw. If w: fil](l  a
cylilld(v tll:lt, llliltCll(!S  (! Ilollr,ll of tll(! (l:lt:l fC:ltU1’(!S  tll(’11

lv(~ t(vit t,lI(’ (.ylilld(v using al] of tll(: (Iata f(wtrlr(!s.
W’(, assuIII(  t,]lat oIIly p,(wltl(:tric  l)rill~itiv(s r(nlsist-

illf~ of at 1( ’ZIS( s(m Ic fracti(]]lj n, of t II(’ illlaf,(: f(:at, urcs
arc s:l]i(vlt  aII(l ~llust I)(, lo(”at,( :(]. I f  w saIII])l(:  s f(w
t ur(:s  aII(l t(st tllc full (ylilt(kv if ~s (J t 1]( saIII]Il(Yl  f(w
turcs  l)rl(IIIp,  to a lmill]itii’( tll(!ll tll(! l)rol)al)ility tllilt
a l)rilllitiv(~  is II]iss(xl (111(: to stlIflJ)liI[f, is:

/: (1

‘1’lIc alxwt’ lxnlII(l  is a (lirwt r(:sult of }’r(q)(hiti(nl
‘1.4(:1)  ill [ 1 ] ,  wlli(”l] f(dknvs  frmt)  (~ll(vllofl’s lmlII(l.
‘J’llis lnoii(l(:s  us wit]) H II I(WIIS of (l(t(:llllilliIlp, what
viIlu(~ slI(ml(l  lW us(,  (l f(n ~ ~,iv(vl  :1 II)axilllult) e r r o r
rat(’ [ . I II })ltl(tic(, \\ ’(! (Ollll)llt(!  tll(’ ~ t,llflt, stli, isfi(!s
tl~is Nr(n  latv 1111111  (:1’i(’illl~, sill(c  a tigjlt lmuIId  is d(sil-
ill)l(!,  l’tll’ (’Xillll])l(’ , :1 ~[)(ky:)(j l’:l II F,() illl:lr;(’ C(JIlt:li  Ilill F,
a (.,sliTl(k’) c<)lll])ris(xl of 2[1()() l)ix(:ls lIas 0 = ().0381, If
1 ()[)() ]x]illts arc Sal IIj)l(Yl alId a ]mobal)ilit,  y of failur(!
II() II IOI(!  t]larl ().()1 is (1( ’sird, t,ll(’li ~ < ().()26() CaII  l)c
USC(1 to a(}li(~v(’  Illis.

5 ILcslllts

lt’c lIavc al)l)liml  tll(w tccl]lli(ju(w to two lIrolJl(!IIIs.
l~irst, w’ ]Iav(  (x:]lllill({l tlI(, cxt,ra(t,ioll (jf cr:~t(:ls  (HI
l)l;tIl(’t,aly l)()(li(!s  tllr(lu~,ll  tlic (I(,tw[i(nl of cir(”](w i?l
t w o  diltlcilsi(ll(al (d$,(, data al{(l, SC(Y)]  Id, w! lla\rc (:x-
:I?l]ilt(d  fill(lill~, Surfa(vlyi Tl~, ol’(lllilll  (’(” by cxt, ra(. t,ilt?,
(.ylill(l(w froIII tll)c(:-(  lilt) (:llsi(])l:ll  IZIII{L(:  data,

5.1 1 )dcxt ion of Craters

It is (I(:sirald(l  to lKI abl(: to (I(W!(I  craters 011 ])la~l(’ta)y
I)()(li(:s  ill S(:l,(,ra]  ?I])],li(zltiolls.  SOIII(:  (Xillll])lCS ill(.lu(l(,
lllil])})ill~ of ldali(!taly  lx](li(,s,  F,(:(llop,i(.a]  studi(:s, aII(l
(q)tica] llavip,:>ti(]Jl of slm((!(,raft. (hlc  a]q)loadl  to ac-
c(ul]l)lisllill~,  this  is  to ~~(’rforlll  c(I:,(: (l(tcctiml  WI t\Il
illlil[;(~  o f  tll(,  S111  f:l(’(, (If :] ])l:lll(!t:lry 1)()[1~ :111(1  [l(t(!(’t
tli(i circl(!s that, t~rc l) I(x(!  IIt iIl tll(: (d[~(’  ilt]a!,c, hTot,(:
t)lat t)lis aSSIIIII(W that  tll(!  (q)tica] axis is C1OSC  to lm-
1)(’ll(li(wl;ll to tllc (vat(’rs,  so that ,  tll(: (rat,crs  al)lmar

II’:1s Clr(’l(w  rat,llcr  tll all  ( !  I])s<w. \VIIcII this is IIot, tll(:
(as(,, si]tlil:lr t(:clllliqu(:s CaII  1)(I usr(l to (’xt,ract (’llilws
floJll  (!(i~,( (I:lt :1,

IJI this lll)l}licatioIl  it is us(!ful to i]l(())])c)):lt(:  kJlow-
(d~,( ill)ollt  tll(~ li{;lltill~, (lirc(tioll  ill tllc (:xtracti(n]
])J owss, sil I((I t 11(’ ~,rn(li(vlt oli(:lit,zlt,iolls”  at, t,li( (:(1?,(:s
of cratms  will lInv(: r(m~,l  Ily tllc s/1111(:  (Iricllt,at,ioll  as
tll(! lir,llt  iltp, (Iir((tio)l (])ositivc  Cl(Itj-])I()(lIIr  t), M ltik:
Sllad(mr c(lp,cs will IIavc t,ll(’ (Jlqmsit,  c ori(vltatiml  (I I(.:p,:I  -

tiv(:  (Iot-])lo(lll(t).”  \$7c  (aII t]lus SCIX!(:II  (N1L tll(: SII; I(1OW



(a) (})) ((’)

]“i~,uw 3: ]Ji]ldil)~ crat(!m by hating circk!s in (!dp)(!  ilnagw  (a) AII il[)a!,c  of the surfw:c  (If l’hobos  (the liirg~r of LII( tMW
]r!(m]ls  of Mars) .  (II)  ‘1’}I(!  (!dp,(!S d(s(ccl(!d ill ~hc ilrli]g(,..  (c)  ‘J’]i[)  crti((!rs  (icl(,.ct(td  oi($rlaid  011 ~]Ic c)rigi]]al i] f]iig[!.

c@,(:s Il]lroup,ll tlIc usc of this irlfor]llatiorl. I(;v(vI  if LII(!
lir,lltillp,  dir(!ctimi  is ]Iot, kIIowII (w])licitly, its (Iircctiml
\vitll r(!s]xx”t to tllc ill]ap;(! ])I:IIIP  (’al I IX: (! St,illlilt(’(1  l),y
(’xalnilli]lg a w(:iglit(xl  avcrar;c of tll(: p,]adicllt (lir(x”-
tiolls  ill tll(: illlar,(:.

l“ir,urc 3 slI(ws aII alJldicati(nl of tll(w tccll~liqu(s
to (I(:t(wtill?, crat(vs  011 t~l(: surfnc(!  of l’lIolm (:I 111()()11

Of Mars ) . lI;dfI,cs w(!rr  dct((”t(d  ill aII ill Iar,( frolll
Viki?lg (h/)2[k!7 USillF;  :] c:lllll~-lik(!  (X]F,C  d(!t{!(’tol [L].

\}’(’ S(!ill’(”ll(!(l  fol” tl](! cid(:s t]] ;It IJild +: >1, Wll(W  f‘ is
tllr IIuIIIl)(:r of irnagc ))ix(’ls tl!at IJlat,dl((l  tllc circle u])

to a )tlaxilt)uIll  mm of 1.5 ~)ixcls and r is th(! radius  of
tlI( circle. \V(: di(l IIotj usc tll(: IWII&)III salllpliIl?, tccll-
IIiqu(!s  f(w tl(is Casc!j si~Ic(! t,ltc volu IfI(I of tlw (Izit,a w:Is
ll(~t large. l;i~,llt, circles w(vc  fouTld t,]lat Itl(:t, th(: ac-
cq )toll(x: (“rit,crioll. ‘1’1 I(: c:xtra(timl  t,wlllli(]um rcquid
al)l)loxiTllzlt(!ly  4 S(XOII(l  S 011 a Sl)Al{( ;st~]tic)~l ”J’LT2(l  for
this case.

A s  (aII 1)(: smi, tll(w tccllIliqucs  yield g(m(] l)cr-
f(nltlall(c  iIl d(~t(xtillg r(:l:]t,ivc]y r(xwlt, (hat,(:rs  tll:lt
]Iav(’  sip;llifi(”allt (:dF;(! st,ruct,urc!. ol(l(!r  craters II Iay }x!
1 nol )1(:II  latic  for t,lIc curr(!llt t(:clllliqu(!s WI I(III t,llc c(l~,(’
s t r uc tu re  lIas dct,criorat,(  x].  W(! II Iz~y 1)(! able to ~Nr-
f(nt I I r(’(q,Ilit, io]l i~l t,l Iis (.as(! l)y t,r(!flt,ill~, tll(: ?;r(:y - l(:v(!l
d{lt:l flS a thl’(: (!- dill l(!JISiOJl:J]  SU1’fHCC ;lJld d(:t,(!(”t,  ill~ t~l(’
crat,(:rs Ims(x] (HI t,ll(: sl)a(lillp; iIlf(mllati(~~l,  if tll(: aIIgl(!
of ill(id(vlc(! of tlm liF;l It,ill F; is liIIouv I. ‘1’llis tdllliqu(’ is
sill)ilar to a t(:llll)lat,c! IIli)t,(.llillg  ?I])])roilc]l,  })ut it \volll(l
lIaII(ll(: IIIod(:l wror I)(:tt,(:r  aII(l yidd lmt(!lltial]y fastm

])(!l’fol’lll tlll( ’(,

5 . 2  11’inding  surfacx-lying  ordl IaIIcw

A s(wIIId  a~)ldi(atiml t,lltlt w lIaw  cxa?tlin(xl is l(J(at-
ill~; UII(JX])I(I(I(X1,  surfac(’-lyill:,  OIdIIm I((I usillp; lmssivc
st,($r(~(] ill]:lr,(~ry  f(II t,l Ic l)uI1)(H(:  (If s{,Illi-aut,c)llcJlllc)lls
l“(!Il)(:(liiltioll.  \V(’ uw a I)illo(wlar  st(wo Syst(vlj  (lc-
Si&ll(!(]  fol ])]tlll(it:ll~ l’O1,(}l’S  [] ~] to F,(71(Tflt, (! I’:lllp;(> iTll-

?1?,(’S  (If OU t(loo l’” S(’(’IICS. (Jylill(k!rs ar(’ (xtra(”t(d  frolll
tll(’ raIIg(’ data  to lIcI1) (I(!t(:rrllill(’ if t]l(v(! is 1111 UII(iX-
))1(1(1((1  1)01111)  l)r(wllt, iIl t,llc il[la~;(:.  1 1 1  t,llis (tIs(,, wc
assu III(~ t,llat t,ll(~ ra(lius of t,llc IKMIIIJ  aII(l t,ll(~ (~ri(:]lt,:h
tioll of tll(i ~,1’(llllld ])}<  III(!  ~11’(’ kllo\\rll, S() t,)l~lt t,]l(! S(i:ll’(,]l
s] mcc is ](:s( rict(:(l  to tllr(v (1( ’grc(w  of fr(xxh I I. ~~’(!
also US(I tlt(! kII(m’11 g(~(jIttctty of cyli~l(l(w to ])rciwtt
lmlt,io}ls  of t,ll( cyliIl(l(:r  that slI(ml(l 1)(:  self-()(clu(i(’(1
fl’(1111  IIl:lt(”]lillp,  ])oilltS  ill t,]l(! illl[l?,(’.

}’ir,ur(  4 slIows  aII (xaIIII)l(I  iIllap,(  colltailliIlp; a
l,(HIII)  WII(W V,X lIav( al)ldi(d tll(: cyliil(k:r (l(:tcrtioIl
t(x”lllli(lu(s.  II I  Lllis cas(!j wc saIIIl)l(xl 5(X of t,ll(: I :IIIF,(:
(l[lta il)l{l US(Y1 Tlult)(:ri(.al t,(dllliqu(!s to (let(:rllliI[(~ :ITI
ill)] )1’()])1’iilt(’ till’(’sllol(l for (,( ’St,i Jl/, t 0 t,ll(! (:)it,ir(!  (Iiltil  s(>t,,
A])] )r(mill  lat(!]y 7 SCCOII(IS W(W  rc!quir(:(l  to sc:Jrcl I t,ll(!
])arartl(,t(l  s]);I(c  (III a S]’Al{(;st:lt,ic,~l’l  ‘120. A (Ylirl(l(:r
1}’as  (I(!t(xt(,(l  at t,ll(~ lo(.at,i(nl of t.11(, 1)01111).  N() ot,ll(!r
cylill(k:rs MVI(:  d(:tcck(l.
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(a) (})) (c)

((1)

l’i~ur( 4: ‘1’}1(!  11S(! o f  cyli])d(!r  d(,tec(iol)  t o  fil,d  ul,(!xl~lod(d  oldllilll((!, (a) ‘1’1,( lcfl i,,,ag(, o f  a S1(1(0  ~)air  collti,illi*}g
Slllfii(,(~-lSillF,  Oldllilll (’(!, (1)) ‘1’1,( },(igl,t of Cacl, l,ixcl  i s  (I(l(r,,,i,,ccl  usil,:, I,i,loc,]lar  slcrco, ‘1’11(, l)liiC,k ~)ix(,ls  HIC l(lCillioll  S

IV II(T(,  II() ral)g(! il)forl[)ali o))” lYiIs F,( : i i ( ’ raid. (c) A  (:ylindc, II)ccti])p,  tl,(, i,(~rl)t iIII(( c]i~(:rio])  wiw follll(l ill 111(! lo(alioll”  Of
111( l,C)]I,l,.  ‘1’l)is ilf]:,t!c  S]lows  {I]c ilXiS :il,(l Ilol]lldikri(,<  of t],,, (vlil)dm ((1) 1’10( Of 1},(’ ]ill)k(,  l,oi],ls  (01,,1,11 ((!(1 i], 111( il[,ac.c.. . . . .

6 Slllnmay

‘1’lIis }m}m. lIas (:xldorc(l t.1)( (I(:t,(x”timl  of p,(mlwtric
l)riltlit,ivcs  ill iIll:ip,(:  data. WC lIav(! n(kll)t,(d a  s(’/IrclI
st,lat,(:~,,v t,l Iat, II:IS I)(:cII  US(’(1  r(xrIIt,ly  ill (Jl}jc(i  r(!(o~;-
~li[li(nl [4, 8], Ivl I(w tll(! l)araltl(:t (’r SINIC(:  is rc(”ursivcly
(livi(l(~(l  illl(l l)rul I(d. \\711(wms this  st, ratcgy  was  l)r(J-
viously :Il)l)li(xl  to d(!t(:(tiTIF;  (]is(:r(:tc  sets of ljoillts  ill
iltla~,c (]ata,  II(:r(: w lIavc al)l)li(xl  it to lo(wtillp,  l)rilIli.
tivcs that arc r(:lm:s(!lltc(l l)y l):il:l~ll(’t(!]i~,(:(l  ll)a~lif(dds
ill tll(: ilt)ap,c (liltZ]. ‘J’llis allou’s F,(mt](:tri( lJrilllitiJ’(w  to
I)(’ r(jlmst,ly a] Id Cfli(”i(vkt]y Cxt,rtlrt(xl  frwll ~loisy data
wit,]l larp,(~ aIl](mllt,s  of distra(.tilip, (Iata,  wit,ll(mt r(:-
quiritts, arI irtitia] (:sti~llat(:  of t,ll(’ Iwill)itive  lo(”atio~ls,”
WII(W’  II() ~wvious  alp,mitllll)  (mtll)illc(l  tlllcsc qu2tli-
tics.  lIhItlI(n il~ll)lov(’ltl(:llts  ar(! ~~aill(xl  tllmlgll tll(
US(’ (f o lli(*r:Jrcllicnl  l(~l)lcs(!llt:ltioll (d’ tll(: illl:]r,(~ f(w
turcs t]lat /Ill(nvs tll(:ll]  to 1)(: cfli(i(vltly l~mc(!ss(x] ilII(l

tll(’ 11S(’  (){ l’:lll(k)ll)  S~llll])liIl$  tO I’(’(]L1(’C  tll~ V()) UIII(! o f
(l?lta tlltlt, IIlust 1)(! ])ro(Tss(d. ‘J’l I(w t(:clllli(lu(x lIav(:
l)((vI  al)l)li(!(l to t,ll( (l(~t,ccti(nl  of crt]t(ns (UI 1)lilli(4,ary
l,o(li(s  1)~’  (’xtra(”tillf;  ci~(lvs fro]!] two (Iiltl(!llsi(nlal  (xlp,(
data aII(l loratillr,  surf’ac(:-lyillf,  (W(III; III(Y! I)Y cx(rtl(tillp,
cylill(kw froIll till. (’(’- cliltl(~llsio Ilzll r2111p,(J  data.

‘1’11(  autll(w tfla]Ik II;(I IIIOJVII  fi)r sul)~)lyiIl~, aII illcrt
}K)llll)  for (1111’  11s(!, M’( als(I alq)rcciat(’ ‘1’()(1(1  IJitwill’s
cfl(lrh  ill (l(:v(’lol)ill~,  tlI(’ (“aIII (’Ia caliljrati(ul  aTI(l  l)illo(-
ul:Ir st(:] (Y I (“()(I(J  that )vas us(d  iIl {~,(vl(wlt,ill~, raII~,(’
11):1 ])s.

‘1’lIc r(war(lI (l(wI ilj(d ill this  lHIIM:r lvas ct]rti(xl (mt
l)~r tll( ,I(t l’l(q)ulsi(n[ 1 ,almlat,(wy, (;nlif’onlia ]Ilst  it, ut,(:
of ‘I’(’(.l  IT I(d(Jp,y,  aII(l was S1)(IIISOINI  })y t 11(’ (;()~lstlil(ti()ll
Autolt):lt iml aII(l lio}x)ti(x  llraTI(lI  of \Vrigllt,  1,alm+



tcny at, ‘1’yII(lall  Air lbrcc IIasc, l’aIIaIIIa (;it,y, }rl(ni(la,
ttIr{h~I,lI  aII ar;t (XVI  I(VI( wit,lI tll(~ N’at,i(n  la] A(ImIIaut, i(x*
HII(I S])n(”(!  AclltliIlist,l.{~ti(Jl[.

l{(:f’(!r(HI(”(  ltcmill to aIIy s]w(ific  ((nt]lllcrcial  ])rod-
uc(, ])r(xwss,  (w s(:rvi(x:  I)y t,rad(:  II:ITIKJ,  ~,I:I&VII:II~

lll:lll~lf:l(”t(ll(:r,  or otll(’rwis(:, (loos  Ilot cmlstit,ut,(:  (n illl-
])ly its (: TIcl(~Is(!III(:IIt  l)y t,ll(: llIlit(d Stat(:s  (;o~’(!lllItl(:llt,,
o r  tlI(: ,J(:t, l’rxq)ulsioll l,al)or:ItoIy,”  (;aliforllia IIistitut(:
of ‘lhlmok)gy.
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